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HURAN CRASHWORTHINESS AND CRASH LOAD LINMITS

Hennang E. von Gaerke, Dr Eng, Ints Kaleps, PnD, ana James W. Brinkiey
Biooynamics ana Bioengineering Division
Harry G. Armstrong Acrospace Meaical Research Laboratory
Wiignt-Patterson Air Force Base, Onjo 45433-6573

\S) SUMMARY

The ansesshent of the hazara to & crewmember in a potential
A)lfCrart crash requites 1Ntormation about numan tolerance to
NeChaANlCAl torces, a methoa tor the icentitication ana evaluation ot
the contrivuting tactors to potential injury in a crash ana a weans
oI estimating tne environmental torces on an occupant ana the
fesultant responses or the occupant. Results ot research in the US
Arr Force 1n these thiee areas are ciscussea. Specitically, 1) the
rationale tor ana tormulation ot & aynamic response six
negree-ol-rreeaom whole boay impact tolerance specitication, 2) a
Getalled head-spine structuradl mMechanics ana a vehicle occupant gross
motion rigia boay aynhamics model and their areas ot applicability in
crasn analysis, ana 3) teatures of the newly aevelopea US Air Force
Aavancea Dynamic Anthiropomorphic Manikin (ADAM) are aiscussea.. It is
suggesteqa that a comprenensive methoa tor 'njury risk assessment tor

. ~ -
any system must consloer ail three areas -3 TS £z
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LIST OF 5YMBOLS

- acceleration ot the aynawic response moael mass relative to
acceleration input point.

§ - [elbtiVe VelOoCity bLetween the input point ana the moael Rass.

[ - Compresslon Of tne moael spring.

3 - GaRping coerticient ratio,

DR - QYRAmIC response ot the moael.

wn = uncampea hatural trequency ot the model.

H = seat acceleration component along the pertinent axis.

9 - acceleration aue to gravity.

DRX = GYNAMIC response computed trom the X axis acceleration component.
DRY = gynamic response computea trom the Y axis acceleration component.
DR1 = aynamic response computea tiom the I axis acceleration component.

1. INTRODUCTIUN

The uitimate ettectiveness ot the crashworthiness ot an aircratt is its ability to
protect tiie aircratt occupant, Various aeasures ot an alrcratt's structural integrity
can D¢ Rmaue, but the rinal measure 15 the state of the crewmember atter the crash. This
state pPrimarily depenas on two tactors: the level ot sxposure to mechanical torces
experiencea by the crewmember and the crewmember's susceptibility to injury aue to such
exposure., The rirst reqgulres the specitications ot such conaitions as whole boay
acCelerations 4na localizec 1Rpact torces un the body ana the secona requires the
specCitlcation Ot the criteria ol tolerance to such accelerations ana torces.

In this report soue of Lhe latest auvances in methoas tor injury potential assessment
gevelopea by the US Air Force are alscussed. These include criteria t.r whole boay
tolerance to acceleration, analytical methoas tor preaicting human boay responses to
VALlOUS NMEChANniICAL fOoICe eXpOosuIvs ANnG the develophent of & highly sopnisticatea manikin,

Il1, SIX-DEGREE-OF-FREEDOM ACCELERATIUN EXPOSURE LIMITS

Tne current methoa £Or asse¢ssing the risk hazara associatea with whole boay
acceleration ana which takes 1nto account the ayhamic character ot the boay's response
was aevelopeu by steck (Rer. 1) ana is known as the Dynamic Response Index (DRI). It
lueallizes the human response as that of & mass supportec by paraliel elastic spring ana
GARpeL eleRents Which Iespectively represent the upper boay mass and the luwmbar/thoracic
spine. This BMOOel Was Originaliy aevelopeo to proviae an injury risk assessment tor
alIcrew members Delng ¢jectea trom alrcratt ana its applicability was strictly limitea to
longituaihal spinal accelerations. While this mooel Was aevelopea to audress ejection
problems, it alyo was appliicable to other situations where the boay primarily experiencea
abrupt vertical accelerations as, £or example, in helicopter crashes.

Tuls mooel Nas recently been generalized to also incluoe tore-att anc lateral
responses 4i well as an agoea rotational tolerance mechanisw (Ret. 2). The approach
taken has in.ludeo the tollowing assumptions ana stegs:

l, Use Of the same¢ AYynamic mooel tor all three orthogonal boay axes.

2. Assignment of an 1njury-risk level ror each axis.
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3. Assumption of 1hoepenaent [eSPONSEs aiong each orthoqQonal axis.

4. Evaluation Ot the 1NJULy I1sk level assumptions using ¢xisting cata trom impact
tests 1NCluaing ones with accelieration vectors ot: the orthogonal axes, ejection seat
test QGata, ANaG StuCles wWith mathematlical mooels.

5. Assignment of angular acceleration iimits basea on the ettects ot their
transiational acceieration coaponents.

Tue equations that ouscribe the OGynamic respons¢ al0Ng each RMA)Or axis Are given in the
toiiowing equations:

T 4 2¢ips + wp2s = &
ang
wpds (t)
q

The axes Are¢ taken 50 that the +I acceleration acts trom toot to heac ana a +X
acceleration acts trom back to tront,

DR(t) =

Each ot tue cynamic response Bmoaels, other than tor the +I axis, were developea by
the same proceaure. First, the experimental acceleration-time histories trom tests with
VOlURTteRE SUDjECLS WeIe AppProxXimatea with a halt-sine pulse where teasible. Tne test
Gata, WLICH were Reasurea on the test tixtures that transmittea the acceleration to the
sUDjeCts Ln WNROie¢-bOay impact tests, were obtainea trom numetrous reports publishea by US
ALt Force ana Navy investigators ana Department ot Dezense contractors. The
approximations vere establishea by titting the peak acceleration ana the time to the
acceleration peak (rise time) with a nailt-sine pulse. This procedure yieldea relatively
goou Llts tor the majority ot the acata. However, the fit was not gooa where the
experikental acceleration puilse shape was actually more trapesoidal, as in some ot
Stapp's early tests (Rer, 3) or where the acceleration-time history was irregular. In
sUCh lnstances, the pProcecure useo was to tit only the initial portion of the pulse; this
Approacnh proviueo & conservative estimate since the energy ot the tittea halt-sine pulse
Was AiLWays less tnan tnat containeda in tne actual cata, Secona, a moael response curve
Was calculatea which was OwsCrifptive of the higher acceleration oata points where, in
many cases, subjective tolerance iimits of injuries nac been joentitiea by the original
investagators. The Culve Was oeriveu by computing the peak response ot a
BlNgle-deglue~Or-freeaols model tO ha.t-sine acceleration pulses ot varying adurations. To
seleCt the natural trequency ana the wuamping costticient ratio tor each axis, the natural
LtIvqueicy anu the aamping costticlent ratio ot the model were auvjusted until tne shape of
the peak response to the nalt-sine acceleration pulse matcheo available human response
cata. Tue fesuits Of NO-injurious acceleration exposures ot volunteer subjects were also
CONslaereo to Verity the frequency [e«sponse &4nc camping characteristics of the model.
Veritication was accomplishec by stuay ot the relationships between the acceleration
lhput €onaltions ana the medsured responses or the test subjects, e.g., acceleration of
DOuy segmelits, uvlsplacement of boay segments, festraint narness loads, And torces
NedsUL€q Detween the se8t sStIuCtute ana the test subject.
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Figure 1 Moosl Response Curve tor +X Axis Halr-5ine Acceleration Pulses
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Figure 1 shows the mouel response curve lnitially fittea to cata collectea from
¢XpellNents COnOUCtea With the acceleration vector directec primarily along the +X axis.
Tests resulting an injury (spinal tractures) or potentially serious sequelas
(caruiovascular shock) are oesignatea by the black symbols. The curtve was aerived from
the responses Of & mathematical mocel with a natural trequency ot 62.8 raa/sec ana a
aamping coetticient ratio ot 9.2, Each ot the models that have been developed presumes a
SPeCALIC festraining system conslsting Or a lap belt, crotch strap, ana double shoulaer
strap contiguration.

Flgure 2 shows the derivea cCurve and oata points tor -X axis impacts. The available
cata pointe QO hot aemongrate that the human boay can tolerate higher acceleration levels
as the auratlon of the acceleration pulee is cgecreasea. However, this appeared to be a
reasonable agproximation on the basis ot aata trom tests with animal sub)ects ana
analysis O physical responses Of volunteer test subjects. A turther refinement ot the
muael CoelrlClents Was mace basea On transter tunction calculation relating test seat anag
occupant chest accelerations., The results ot 11 tests conaucted at a level of 10G
(impact velocity ot 3#.5 tt/sec) were analyzed. The mean natural trequency was touna to
ve 64.2 rao/sec (SD = 6.0) ana the mean aamping coefticient was 9.23 (5D = ¥.07).
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Figure 2 -X Axi1s Acceleration Response Cutve

Tue LRjury=-riek levels tor the +I axis were assigned by using the 50, 5, anc
¥.5-percent probavility ot spinal injury from tne injury probability oistribution tor the
DRI reportea in reterence 4. These 1njury riek levels are characterizea as high,
moowIate, ana 10w with respective DR values ot 22.8, 18 ana 15.2, as shown in Pigure 3.

A S#-percent probability ot i1njury was selectea as the highest spinai injury rate
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Figute 3 Injury Risk Levels tor +I Axis Halt-Sine Accelezation Pulses
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acceptabie in the system cesign tor two reasons. FPirst, it is the highest spinal injury
rate tnat nas besn obserivea tor any USAF ejection seat. Second, this level was judgea to
De the RaxilRuN allowablie consicering that multiple exposures woui: e likely subseguent
to the catapuit acceleration, i.e., rocket acceleration, parachute-opening shock, ana
grouna landing impact. The mooerate-risk level corresponds to the level usea in curcent
USAP ejection-seat cesign (ret. 5) ana is at a mid-point between the high ana low levels.
The Low=-rlsk level corresponas to acceleration conditions used routinely without incioent
in tests with volunteers conaucteu by the USAF.

Fagure 4 1llustrates the injury-risk levels assigned for the -X axis. The DR limit
values are 46, 35, ana 28,
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PFagure 4 Injury Risk Leveis tor -X Axis Halt-6ine Acceleration Pulses

The methoaoiogy usec tO estabiish the risk levels procuced higner ctatisticas
contiagence in its application ot the +/-X ana +% axes than in its application of the +/-Y
anu - axes since more Gatad are available to cetine the higher-risk levels. The aata
usea to oktine tue risk levels tor the Y axis aic not permit the uultgn-cnt ot high-risk
devels with an adequate aegree ot contidence since clear evioence of injury has not been
ODs@IVeU unaer iaboratory conditions. The Y-axis mocel was initially assignea the same
costticients as the X-axis mocgel (ret. 6)., But the injury risk levels were lowerea to
corresponu to the levels juagea reasonable on the basis of avaiiable human test cata. A
transter tunction analysis technique has been used to provioe coefficients tor the Y-axis
moasi. Using cats trom ¥-G impact tests with 13 volunteers, a mean natural frequency of
56.0 raa/sec (8D = 1.7) was aerivea. The camping coetticient was 0.09 (SD = 9,04). DR
limit values, which have been estimatea, are 42, 17, ana 4.

Tne human test cata available tor the -3 axis, are also limited; however, the
acceieration-tize histories that have been useda in non-injurious tests with volunteers
SpPAn & relatively large range ot time durations. The low-risk level was assigned on the
Dasis Or injury-tree laboratory tests with volunteer subjects. The moderate level was
selectea on the basls Ot previous downwarda-ejection catapult acceleration limits, ana the
upper bounas 0t the available aata from tests with heavily restrained subjects vere usea
tOo establish the nigh-risk limits although injuries were not observea. The avallable
cata were not sutticient to a0 more than provice & rough approximation ot the frequency
fesponse range ot a moael that woula be aescriptive ot human dvnamic response to -% axie
accsleration inputs. Bince the +I axis model was in that range, the natural trequency
anc aamping cosrticient tor the +3 axis modes were selected tor the -3 axis acceleration
4imit mOooei. The DR Limit values which were selectea are 15, 12, ana 9.

Wnile the inaiviaual orthogonal axes responses were assumed to be inaepenaent, a

combinea risk assesskent in the torm ot an ellipsoical envelope is proposea. It can be
expresseo in the toillowing form:

1/2
DRx(c})) 2 ¢ foaxin) 2 + (pusina) 2 & 1.0
DRXp, DRY}, DRI,

where the suttix L osnotes the lixiting value 10r the assigned risk value.
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The task OI pProvicinyg criterla tor bouncing allowasble angular acceieration has been a
probilen tLAt DAL [eQUILEC AN AGGELSWENt IIOM L£irst principles since no preceoent existe.
Tuefe 1& Very litt.ie oata avaljable on human toierance to angular acceleration ana
velocity., Transiational accelerations and angular rates have been neasured inh only one
test Whele & VOlUNtesl was exposea tOo the combinec transiational and high-level angular
\CCelerations that way be¢ assocCiatea with ejection seat operation (ret. 7). The approacn
&'leCteq tO 11B1L the angular acceleration 16 basec on the hypotnesis that the injuries
46.0Cl4tea With angular acceleration &re oirectly relateo to local linear accelerations.
Tuis hypotnhesls Nas S0Me SUPPOIL Laseu On the experimental finaings or Tarcov (ret. 8)
ana Welss ¢t al (rer, 9). Thus, the tangential ana, to & greater cegree, the centripetal
acceleration must be consicerea. Payne has recommencec that assessnent of the ettects ot
ANgular acceleration be accomplisheu by applying to the injury models the net linear
4CCeicration due to whole boay translational acceleration plus the local linear
acceleration gue to boay rotation at a boay center point. In the application ot thig
methoa & bouy center point that i1s 16.2 in, up ana 3.4 in. torwara trol the seat
feterence point (the intersecticn of the planes ot the seat, seatback, ana tre
n10~sAglttal plane Or the seat cccupant) was chosen.

111. PREDICTIVE MODELS

Tne most U¢slrable tOIm tor tolerance cr.teria is one that is specifiea in terms of
external to the poay variables. For example, the acceleration ot the seat, the impact
veloCity Of an aircratt or the heaght ot a fall can be usea to estimate the l1ikel ihooa ot
arn injury. Untortunately most injurles assoclatea with aircraft operations ao not lena
thenselVes tO SUCH BIMplE APPIOAChES Decause the e.posule Conuitions are usuvally more
complicatea anu better re¢s0lution bLetween exposure Conaltiont anc injury conseguences 1s
neec¢a.

This way be lilustratec by consiuering the case ot & helicopter crash ir which the
net Crash cgeceleration a4na grounda 1mpact velocity may be reasonably estinatea, bLut the
aQuyree ot anticlpatea injury can be substantially moaitiea depenainy on whether the
nDelicopter wWas €guipeo with an energy absorbing seat, the seat stayed rigialy attacheq,
tle CrewmeMber Was 1Nh an upright position at time of impact, the harness tunctionec
properly in restralning the crewmember ano the aircratt structure was sutticiently
GutoImeu tO luteract with the crewmember. Obviously all these tactors complicate an
1njury potentisl assesshent 4na 1n & given Crash event any one ot them may be the
causative tactor in an injury or tatality.

Wniie no current methoa exists that can tactor in all such eventualities ana provige
A Redllngtul absolute Llnjury probability prediction, analytical models &re being
Qevelopea that can assess the relative ettects OL LYS\Sm QeBIGNS, proceoures ana crash
conaations.,

One such mouel has been developea by the USAF to preaict stresses aevelopea in the
splne au¢ to abrupt accelerations appileda to the torso (Ret. 10). This is a three
aimensional, aiscrete moael of the human spine, toreo ana hezu developea for the purpose
Ot evaluating mechanical Iesponse in pilot ejection. It was cevelopea in sutficient
yenerality to Dv Appiicable to other Loay 1Rpact problems, such as occupant response in
alrcratt crashes ana aroitrary loads on the heaa-spine structure.

A grapnical representation ot the Heao-Spine moael structure is shown in Figure 5.
Tue anatomy 1s woaeleu Ly a collection ot rigio boaies, which represent skeletal segments
sucli as the vertebrae, pelvis, heau ana ribe, interconnectea by ceformable elements,
which [epresent ligaments, cartilageneous joints, viscera, ana connective tissues.
Tecnriques tor representing other aspects ot the environment, such as harnesses ana the
S¢at Jeometry, are als0o includea. The model 1is valia tor large displacements ot the
spine anc treats naterial nonlinearities.

The bLasiC WOUEl 16 RMOGUlIALr 1N rOrmat, S0 that various components may be omittea or
teplacea by simplitiea representations. Thus, while the complete mooel is rather complex
ana involves substantial couwputational ettort, various simplitied moaels are available
that &re quite ertective in auplicating the response of the complete model within a range
ot conaitions.

Various conaitions can be stuaiea using the moael, including different acceleration
puises, narness contigurations ana elasticities, seat geometries and ianitial spinal
postutes. Precdictions incluce spinal aetormation, local stresses and a thoracic/lumbar
CONPression tracture probability. The latter preciction is basea on the preaictive
caiculation of vertebral body stresses during a cynamic exposure event ana the comparison
Ot these stresses LO measurea strength properties ot human vertebral bodies (Ret. 11).

The lnjury preaiction 1s given in terms ot an Injury Potential Function which is
obtainea by civiaing the maximum preaictea stress at each vertebral level by the
corresponaing vertebral level mean tailure stress. An example ot the Injury Potential
Punction tor a tully uprignt anc tightly restrained indiviaual is shown in Pigure 6.

Four levels ot vertically appliea acceleration ranging trom 14 to 20 g's are consicerea.
A bi-model response 1s observea with peaks at T8 ana L3. The steep increase of the
curves at 14 1is probably not realistic because ot the relatively unstable response of the
upper thoracic ana cervical spine structure, The higher probability of injury predicted
in the micale thoracic region than the lumbar region, which is the more common region for
spinal compression tractures, illustrates the model's capability to examine the effects
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Of varying conoitions. In this case it showea that a highly upright seateu position ana
restrictea column benulng aus to very tight torso restraint may move the most likely site
o spinal injury up the spine.

Another moael acaptea by the USAF to stuay ¢gross nhuman body aynamics is the
Articulatea Total Boay (ATE) model (Ret. 12). This model i6 a cerivative of the Crash
Victim Simulator (Ret. 13) originally cevelopea to stuay roaa vehicle occupant motion
auring ccasnes. The mogel 1is totally three-aimensional and its analysis methoa is based
on couplea rigia boay aynamics. Its stanaara contiguration, consisting of 15 segments
ana 14 joints, as shown in Fagure 7.

A grapnical ocepiction ot the model is shown in Pigure 8 where the segments are
aepictea by eiiipsoidal surtfaces. The graphical display can be presentea from any
airection ana distance ana its image projecteu through a point. Such a graphical display
ai10ws girect comparison to video images as well as being a convenient means for
exanining boay position ana motion relative to support ana potentially interacting
structures,

The mOGeled boay structure is assumea to be passive in that muscle forces do not
act. The aynhamic response Of the boay can be induced by interactions with the seat ana
harness system or winablast, gravitational or local contact forces acting on the
segments. In acaition to the graphical oepiction ot body motion, the linear ana angular
alsplacements, velocities and accelerations ot all segments, the forces and moments in
all joints, the points on segments and forces of contact ana the loads in the harness
system are preaicteaq.

Pagure 5 Graphical Representation ot the Heac-Spine Mocel
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Figure 8 Grapnical Representation ot the Articulatea Total Body Model

Various aata bases tor ditterent size males, temales ana chiloren (Ref. 14), as well
as thi Part 572 oummy (ket. 15) ana the Hybric III cummy (Ret. 16) have doeen developea.
These allow a bIoaa choice Ot occupant sizes and can be uced to investigate ettacts on
Uynhamic [esponae Of asize variation,

Human response valication (Ret. 17) ana dummy response valiocations (Ref. 18) have
beven mace with the modaes. Aduitionally & number of wimalations have been rztomcd with
¢xCullent ayreement between preaictea and observea responses (Ref, 19 and

Tae ATB mogel 1s an exceilent tool tor clearance or body trsjectoury prediction. The
nOOsl wWas usea to investigate chilo motion in an automobile auting panic braking ana
subsequent impact (Ret. 21). Three chilo sizes ana seven aitterent initial positions
were cuosen. In Figure 9 a chila initially facing forwarc experiences & .5G vehicle

oeceleration while Lis teet have & .25 seat triction coefficient. In Figure 18 & chila
i the same initial position experiences & .7G vehicle ceceleration while hic feet have a
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Pigure 9 Two-ana-One-lalt-Year-Olo Chila Motion Duunz .50 G
Fanic Braking Deceleration with .25 Seat Priction Coefficient
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Figure 10 Two-and-One-Half-Year-0Olad Child Motion During .70 G
Panic Braking Deceleration with .20 Seat Friction Coefficient

.30 seat triction coetticient. In the first case the motion is relatively benign with
the chila not contacting the dash ano coming to rest on the front part of the seat. A 28
percent reauction in the seat friction coetficient, combined with an increase in vehicle
aecelezation trom .5G to .7G, substantially modifiea the resultant booy motion leaaing to
a signiticant head impact vith the cash ana tinal boay location on the vehicle's floor.

The above simulations are only two of over 160 that were pertormed in which vacious
conaitions ano pacameters vere variea, but they illustrate the ease of examining the
telative etfects Ot such changes. The model has also been used in & number of internal
USAF studaies to leok at boay motion ana clearances ot limbs during escape from aircraft.

IV. ADVANCED MANIKIN DEVELOPMENT

The use ot mechanical human sucrrogates or aummies is becoming a more common ana
relevant approach £or assessing the satety of crash protection systems and proceducres.
Early cummies vere cevelopea to provice inertial losaing similar to that of the human
body ano wete primerily used to test the proper operation of harnesses, seat structures
sna ejection seats. In these tests the concern was with the response of the equipment as
attectea by the inertial etfects of the human boay. Typical aummies used for such
applications were aevelopea by Sierra ana Aloerson in the 1950s primarily to provice
human=like ballast for ejection seats. While their overall mass distribution properties
wele guite good, their joint mobility and boay flexibility were highly limjited. This
tesultea in & higlly £igia responses to external torces anc internal aynamic measutements
that aic not compare well to human responses tor similar exposures (Ref. 22).

A new generation Of GumMies was cevelopeoc in the 1960s ana 1970s, primarily criven by
INCLeaMNa GWMLNALLIS ON rOAG WOtOr vehicle satety. Tne most common ot these is the Hybrid
11 cummy originally cevelopea by General Motors ana aaoptea by the National Highway
Tratgic Satety haministration as the stanaara automotive safety compliance testing dummy.
Tols cumlmy, most commonly known as the Part 572 aummy trom its cocusentation oesignation,
haa consiuerably Anproved humdn-like ticelity ana was aesignea to proviaoe internal
fesponse MelSures tLat COula be correlatea to wyuivalent husan responses 410 possibly,
41kelihooo Of injury. Beveral other cummies were cevelopea in the Unitea States, Great
Britain anu Swecen in this same time perioc that attempted to improve reaponse
characteristics, but none achieveo the cegree ot atancara acceptance as haa the Part 572
auamy. In tne late 1978s General Motors aevelopea the Hybric II1I, which had improvea
bio~ticelity anc instrumentation capability over the Hybria II.

This evolutionary process aid improve the state-ot-the-art in adummy aesign
sophistication, biotioelity ARd responss ReAsurement capability. Most of it, however,
Was Gifecteo 8t rOA0 vehicle safety design consiaerationus vwith considerable emphasis on
chest ana heau i1mpact responses, horiszontal plane impact events ana testing under highly
controllea conajtions.

Attenpts to use these types of aLmmies in serospace environments lea to the
joentitication ot & number of shortcomings. These inciuded the lack of a flop‘l dynaxic
iongituainal spinal axis response, which is the precominant loaaing ditection tor
alrcratt related force exposures., Standard cata retgieval by means of an umbilical cord
Aimiting LreeuORm O oumay BOLIOR ARG LeQUiLing & separate oata acquisition systex.
Durability sutticient oniy to withstand relatively low forces compared to those
encounterec in ALrCIatt crashes or escape from aircraft.
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T0 acaress thcse shortialls, the US Air Force has pursued the aevelopment ot an
Aavancea Dynamic Anthropomorphic Manikin (ADAM) to be usea in the testing of escape )
systems ana various protection systems ana proceaures (Ref. 23). This effort, initiated
10 1981 nas resultea in the proauction of a small and a large male prototype manikin.
Tnese manikin sizes are basec on an Air Force male aviator anthropometric sutvey
conaucted in 1967 (Ref. 24) with the specitic dimensions ana inertial properties taken
trom US tri-service recommendations (Ref., 25). The small ADAM whith full skin coverirng
is shown in Pigure 11. The small ADAN with upper torso, right arm and right leg akins
removea to show the mechanical structure, battery storage compartment in upper leg ana
the instrumentation package located in the thorax, is shown in Pigure 12. Also shown in
Figure 12 3s a heaa mountec antenna usea for cata transmission.

Figure 11 Small ADAM with Full Figure 12 Small ADAM with Skins Partially
8kin Covering Removed to Show Mechanical Structure
and Instrument Package in Thorax

The oesignh £or this manikin stresses taithful human joint articulation ana torso
axial acetformation to properly reflect the mass shitts and limb motion, as well as aynamic
spihal comprossion, that an actual crevsember would experience during a whole body
smpact. All the joints vith the exception of the neck and spine, are single or compound
revolute joints with precisely definec azes orientations, joint stops with soft sn [{ ]}
agjustable friction pads and positica sensing potentiometers. These features can be seen
in Figures 1) ano 14 waica are the knee ana shoulder joints cespectively., The axial
spine element 18 a combinea apring and xeuuuc oamping element which is tuned to
proviae longitudinal impact response with a natural resonance in the 10 to 12 Ns range.
Re-tuning may be accomplished by lpun! teplacemsnt and use of different viscoaity
hyoraulic tluia. Below the axially deforming spinal element is & universal joint that
aliows tor yaw motion ana flexural and lateral bending. This ¢ und articulation is
approximately in the Lumbar anatomical region ana provides the only bending articulation
in the torso. Thne total spine structuce is shown in Pigure 18,
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Figure 13 ADAM Knee Joint Showing Flexure Figure 14 ADAM Shoulder Joint Showing
and Torsion Articulations, Friction Pads Multiple Revolute Articulations
and Wire Connections to Position
Measuring Potentiometers
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The durability ot the manikins was specitiea in terms ot a violent exposure
environment in which tney must be able to operate witnout any functional degradation.
Tnis environment is the ejection into a 708 KEAS wina stream, in an ejection seat with
unrestrained limbs for the large manikin and restrained arms andc legs for the small
manikin. They must also be able to sustain 45G impact loaas in the Gx, Gy and Gz
directions witaout tunctional aegracation or permanent structural dasage.

The stanaarac Hybria 1II aummy hedd and neck are used, but, as opposed to the brid
111 cesign, the heaa skin covering extenas over the neck as can be seen in Pigure 1l.

The total instrumentation ana cata acquisition system for ADAN is a substantial
&avancement over any other current manikin. The system is located in the thorax, is
vomputer controllea and, in its standara contiguration, can collect 128 chunnels of data
at. 1000 samples/channel-sec and store up to 4 seconas of data as vell as telemeter this
o'ta in real time to & ground station. The system contiguration can be modified by an
operator, tnarough computer input, to change the number of channels, the sampling rate and
tiu tu;:: banowidtna. The circuit board contiguration, from & rear view, is shown in
Figure .

Figure 16 ADAM Instrumentation Package with Rear Acces. Panel Rumoved

The avuilability ot 128 channels allows extensive monitoring of the manikin's
tesponses ac well as collection ot external cata. ADAM has been designed for measurement
ot three orthogonal acceleration components in the head, thorax and pelvis; six force and
woment components both between the head ana the top of the neck and between the lumbar
splne ana the pelvis; and the position of all revolute joints. Additionally, load cells
afe located at the joints in the lower legs to measure torsional moments. The
instrumentation system proviaes for signal conaitioning, analog to digital data
Conversion anag pre ano post cata collection calibration tor all of these transducer
channels. A listing or these transaucer channels, including ones for internal
temperature ana parachute rises loaas, are presented in Table 1. The other channels may
be usea tor auaitional ADAM sensors or to collect external information.
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TABLE 1
ADAN TRANSDUCER CHANMNELS

1 Left Bip Abauction/Adauction Position

2 Right Hip Abduction/Aaduction Position

3 Lett Hip Flexion Position

4 Raght Hip Plexion Position

5 Lett Hip Meaial/Lateral Position

6 Raght Hip Meacial/Lateral Position

7 Lett Knee Flexion Position

[ ] Right Knee Flexion Position

9 Lett Knee Medial/Lateral Position

10 Right Knee Meaial/Lateral Position

11 Lett Snouloer Arm-Joint Abduction/Adduction Position
12 Right Shouloer Arm-Joint Abduction/Aaduction Position
13 Lett Snouloer Thoracic-Joint Abauction/Adduction Position
14 Right Shoulaer Troracic-Joint Abduction/Aaduction Position
15 Left Snouloer Flexion/Extension Position

16 Right Shouloer Plexion/Extension Position

17 Lett Shoulder Meaial Lateral Position

18 Right Shouloer Meajal/Lateral Position

19 Lett Arm Raising/Lowering Position

20 Right Arm Raising/Lowring Position

21 Lett Eibow Flexion Position

22 Right Elbow Flexion Position

23 Lett Porears Supination/Pronation Position

24 Right Fcrearm Supination/Pronation Position

25 Lett Lower Leg Torque

26 Right Lower Leg Torque

271-32 Neck Forces ana Moments (6 axis)

33-38 Lumbar Porces and Moments (6 axis)

39-41 Heaa Accelertion (triaxial)

42-44 Heaa Rotation Rate (3 rate sensors)

45-47 Chest Acceleration (triaxial)

48-50 Pelvis Acceleration (triaxial)

51-82 Parachute Loads, Right and Left Risers

) Temperature Neasurement

54-58 Lumbar Position

59 Viscera Position

(1] Viscera Acceleration

61 Sternoclavicular Blevation/Depression Position

62 Sternoclavicular Pronation/Retraction Position

V. OCONCLUSIONS

It is suggestea that a comprehenaive assessment of injury potential in a crash or
other exposure to violent mechanical forces requires a broad based methoaology including
airect injury preaiction basea on environmental conditions; analytical or modeling
approaches that an provioe interpolative, extrapolative and sensitivity information; and
the use Ot Bechanical surrogates that can provioe airect measures ot vhat the human boay
woula experience in & given environment,

The airect tolerance ctiteria, vhile usually the easiest to use, often have limitea
utility because they apply to very specitic modes ana mechanisms of injury. ror example,
the DRI as specitiea for evaluating allowable ejection seat accelerations (Ref. 5) is
only appiicable to § axis acceleitions ana is strictly basea on observed spinal
cCompression rractucres as the injuty mechanism.

Analytical methoas ana models can provide & means of relating & general body exposure
t0 & specific susceptible boay structure and, given the appropriate strength properties
ot the local structure, allow prediction of failure/injury of that particular structure.
PFrom an engineering point this is a straight forwara process; however, in application it
can be aitticult due to the large variability in biological material properties, the
structural complexity ot the husan body ana the generally unknown extent of active muscle
participation. Where the moaeling methodology is particularly useful is in relative
assessments Of system oesigh changes, procedure mogitications ana operation condition
variations. The assessments are made on the basis of predicted changes in local
stresses, GeLormations and accelerations; external contact ana harness forces; maximum
tanges ot limb motion; ana amount of clearance between body segments and structural
elements.

To aetine the exposure environment, tests must be conductea that, as closely as
possible, replicate the anticipatea operational conaitions. This not only requires that
the vehicly or occupants external environment is properly controlled, but that the
occupant be an appropriate surrogate for a crewmember. The ADAM has been designed not
only to pravice correct reactive loacs into the hacrness, seat and any other interactive
structures, but to also be sutticiently internally biofidelic so that its internal
[eSpPONSe MeAsuUres BAYy be related to equivalent human responses unader the same exposurse
conaitions. While substantial valication still needs to be performed, the biofidelity
ana extensive response measurement capability of ADAN should make it a powerful tool for
the satety assessment of aircraft, subsystems and procedures.
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